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(54) OPTICAL FIBER AND METHOD OF MANUFACTURE THEREOF 



i (57) This invention relates to an optical fiber having 
a structure that effectively reduces transmission loss 
and bending loss. An optical fiber according to this in- 
vention is an optical fiber mainly comprised of silica and 
including a core region and a cladding region covering 
the core region. The core region is doped with chlorine 



so as to have a refractive index higher than that of pure 
silica. The cladding region is doped with fluorine so as 
to have a refractive index lower than that of pure silica. 
The optical fiber, in particular, is characterized in that a 
peak value of a relative refractive index difference of the 
core region with respect to a refractive index of pure sil- 
ica is 0.05% or more. 
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Description 

Technical Field j 

: i 

5 [0001] The present invention relates to an optical fiber suitable for an optical transmission line in a long-haul optical 
communication system. 

, ? 

Background Art \ . 

i , 

10 [0002] As optical transmission lines for transmitting light signals in an optical communication system, several types 
of optical fibers have been used or studied. For example, as the first prior art, a silica glass based fiber having a core 
region doped with germanium (to be referred to as a Ge-doped core optical fiber hereinafter) has been used. As the 
second prior art, a silica glass based fiber having a core region doped with no germanium and a cladding region formed 
around the core region and doped with fluorine (to be referred to as a pure silica core optical fiber hereinafter) has 

15 been used. As the third prior art, a silica glass based optica! fiber is disclosed in Tanaka, et al. , "High Silica Core Single- 
Mode Fibers for 1.55 |i m Transmission" , Fujikura Technical Review; 1990, in which the core region is doped with 
chlorine to reduce residual stress (to be referred to as a chlorine-doped core optical fiber hereinafter) so as to effectively 
suppress deformation of the refractive Index profile of the optical fiber obtained after drawing. 

20 Disclosure of Invention 

[0003] The inventors have found the following problems upon examining the above prior arts. An optical fiber for 
communication is required to have a small transmission loss. In consideration of the use of an optical fiber for a cable, 
it is also required that the bending loss be small. In order to reduce bending loss, the relative refractive index difference 
25 of a core region with respect to the refractive index of a cladding region must be increased to increase light confinement 
efficiency. \ \ 

[0004] In the above Ge-doped core optical fiber as the first prior art, a reduction in bending loss can be attained by 
increasing the contents of germanium in the core region and increasing the relative refractive index difference between 
the core region and the cladding region. If, however, a large amount of germanium is added in the core region on which 

30 the optical power of incident light concentrates, the transmission loss increases because the Rayleigh scattering co- 
efficient caused by the germanium is larger than that causedby pure silica. For this reason, in the Ge-doped core 
optical fiber as the first prior art, it is difficult to effectively reduce both the transmission loss and the bending loss. 
[0005] In the pure silica core optical fiber as the second prior art, a reduction in bending loss can be attained by 
increasing the contents of fluorine in the cladding region and increasing the relative refractive index difference between 

35 the core region composed of pure silica and the cladding region. In the* second prior art, however, even if the contents 
of fluorine in the cladding region increases, the transmission loss due to Rayleigh scattering is small because the core 
region is composed of pure silica. However, it is difficult from a production viewpoint to add a large amount of fluorine 
in the cladding region. In addition, since the differences in physical property value (e.g., viscosity upon heating) between 
the core region and the cladding region increase, the transmission loss due to structural mismatching at the interface 

40 between the core region and the cladding region increases. In the pure silica core optical fiber as well, therefore, it is 
difficult to effectively reduce both the transmission loss and the bending loss. 

[0006] In the chlorine-doped core optical fiber as the third prior art, according to Tanaka, in laying the a submarine 
cable, the level of bending loss upon bending with a diameter of 20 mm needs to be 3 to 1 dB/m or less. Such a 
description, however, states only a required value of bending loss. However, there is no description in this reference 
45 about how to realize an optical fiber that can satisfy this required value of bending loss. In addition, there is no description 
about a specific level to which bending loss can be actually reduced. 

[0007] The present invention has been made to solve the above problems, and has as its object to provided an 
optical fiber having a structure that effectively reduces both transmission loss and bending loss, and a method of 
manufacturing the optical fiber. 

50 [0008] An optical fiber according to the present invention contains silica as a main component and includes a core 
region containing a predetermined amount of chlorine and a cladding region which is provided on the periphery of the 
core region and which contains a predetermined amount of fluorine. A characteristic feature of the optical fiber, in 
particular, is that the peak value of the relative refractive index difference of the core region with respect to the refractive 
index of pure silica is 0.05% or more. 

55 [0009] In the optical fiber according to the present invention, since the Rayleigh scattering coefficient caused by 
chlorine added in the core region is small, the transmission loss due to Rayleigh scattering is small. In addition, since 
chlorine is added as a dopant in the core region, the differences in physical property value between the core region 
and the cladding region decrease, and the transmission loss due to structure mismatching at the interface between 
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the core region and the cladding region decreases. Furthermore, since the peak value of the relative refractive index 
difference of the core region with respect to the refractive index of pure silica is 0.05% or more, the bending loss is 
sufficiently reduced. 

[0010] The concentration of chlorine added in the core region preferably increases from a peripheral portion of the 
core region toward its center. By setting the concentration of chlorine in a peripheral portion of the core region to be 
lower than that in the center of the core region, the differences in physical property value between the core region and 
the cladding region further decrease. This further decrease the transmission loss due to structure mismatching at the 
interface between the core region and the cladding region. 

[0011] The chlorine added in the core region diffuses into the cladding region in the process of manufacturing the 
optical fiber according to the present invention, and hence chlorine is contained in at least part of the cladding region. 
[0012] In the optical fiber according to the present invention, an increase in transmission loss due to an OH-radical 
at a wavelength of 1 .38 jxm is 0.5 dB/km or less. Such a reduction in transmission loss can be attained by sufficiently 
performing dehydration using a halogen gas in the process of manufacturing the optical fiber. Chlorine to be contained 
in the core region is also introduced in this dehydration step. In the case shown in Fig. 8 in the reference by Tanaka, 
an increase in transmission loss due to an OH-radical at a wavelength of 1 .38 urn exceeds 0.6 dB/km. That is, dehy- 
dration is not perlormed or not sufficiently performed. 

[0013] The optical fiber according to the present invention has a zero dispersion wavelength at 1 .34 urn or more. By 
setting a zero dispersion wavelength to 1 .34 ujn or more, chromatic dispersion at a wavelength of 1 .55 um is reduced. 
This eliminates the necessity of dispersion compensation or allows optical transmission al a wavelength of 1 .55 u, 
mwith a small amount of dispersion compensation. By setting a zero dispersionwavelength in this manner, the trans- 
mission loss due to an OH-radical at a wavelength of 1 .3B \im can be suppressed to 0.5 dB/km or less. This allows 
the use of a 1 .38 jxm band as a signal wavelength band. 

[0014] In order to shift the zero dispersion wavelength to a long wavelength side while the relative refractive index 
difference between the core region and the cladding region is maintained constant, the diameter of the core region 
must be decreased. If, however, the diameter of the core region decreases, the bending loss increases. The bending 
loss can effectively be reduced by increasing the relative refractive index difference between the core region and the 
cladding region. However, as the relative refractive index difference is increased by increasing the contents of germa- 
nium in the core region, the transmission loss increases. In consideration of these points, according to this optical fiber, 
a sufficient relative refractive index difference is obtained by adding fluorine in the cladding region without containing 
30 germanium in the core region. 

[001 5] The optical fiber according to the present invention has an effective area of 1 00 urn 2 or more with respect to 
a wavelength band in use. If the effective area is 100 u, m 2 or more, the non-linearity of the optical fiber is reduced. 
This makes it possible to effectively use this optical fiber in a case wherein a high-power optical input can be obtained 
as in WDM (Wavelength Division Multiplexing) transmission using an optical fiber amplifier. 
35 [0016] Note that a depressed cladding structure is preferably used to effectively suppress an increase in bending 
loss and obtain a very large effective area. In the optical fiber according to the present invention, therefore, the cladding 
region may have a structure including an inner cladding provided on the periphery of the core region and having an 
average refractive index lower than that of the core region, and an outer cladding provided on the periphery of the 
inner cladding and having an average refractive index lower than that of the core region but higher than that of the 
to inner cladding. 

[0017] An optical fiber manufacturing method according to the present invention includes the first deposition step of 
obtaining a porous glass body serving as the core region, the dehydration step, and the first sintering step of making 
the porous glass body obtained in the first deposition step, into a transparent glass body. 

[0018] The above porous glass body is obtained by a vapor phase deposition method such as a VAD (Vapor phase 
Axial Deposition) method or OVD (Outside Vapor phase Deposition) method. The dehydration step is performed by 
heating the porous glass body obtained In the first deposition step in an atmosphere containing a chlorine element. At 
least the concentration of chlorine in the atmosphere must be adjusted such that the peak value of the relative refractive 
index difference of the core region with respect to pure silica in the obtained optical fiber becomes 0.05% or more. 
[001 9] This manufacturing method further includes the second deposition step of seq uentially depositing one or more 
porous glass layers serving as a cladding region on the transparent glass body obtained in the first sintering step : and 
the second sintering step of making one or more porous glass layers, obtained in the second deposition step, into one 
or more transparent glass layers. Note that dehydration may be performed by heating the glass body in an atmosphere 
containing chlorine between the second deposition step and the second sintering step. 
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Brief Description of Drawings 
[0020] 

Figs 1 A is a view showing a cross-sectional structure of each of the first to fourth embodiments of the optical fiber 
according to the present invention, and Fig. 1B is view showing the refractive index profile of the optical fiber 
according to each of the first and fourth embodiments; 

Fig 2 is a view showing the refractive index profile of a pure silica core optical fiber as a comparative example; 
Fig 3 is a graph showing the result obtained by performing a simulation concerning the relationship between the 
mode field diameter and bending loss of the optical fiber according to each of the first to fourth embod.ments and 
the pure silica core optical fiber as a comparative example (the relative refractive index difference between the 
core region and the cladding region is constant): 

Fig 4A is a view showing a cross-sectional structure of the fifth embodiment of the optical fiber according to the 
present invention, and Fig. 4B is a view showing the refractive index profile of the optical fiber according to the 
fifth embodiment; 

Figs 5A to 5C are views for respectively explaining the first deposition step (Fig. 5A), the dehydration step (Hg. 
SB), and the first sintering step (Fig. 5C) in the process of manufacturing the optical fiber according to the present 
invention; 

Figs. 6A and 6B are views for respectively explaining the second deposition step (Fig. 6A) and the dehydration 
step (Fig. 6B) in the process of manufacturing the optical fiber according to the present invention; and 
Figs. 7A and 7B are views for respectively explaining the second sintering step (Fig. 7A) and the drawing step 
(Fig. 7B) in the process of manufacturing the optical fiber according to the present invention. 

Best Mode of Carrying Out the Invention 

[0021] Embodiments of the optical fiber according to the present invention will be described in detail below with 
reference to Figs. 1 A, 1 3, 2, 3, and 4A to 7B. Note that the same reference numerals denote the same parts throughout 
the drawings, and a repetitive description will be avoided. 

[0022] Fig 1 A shows a sectional structure of the first embodiment (ditto for the second to fourth embodiments) of 
the optical fiber according to the present invention. Fig. 1B shows the refractive index profile of an optical fiber 100 
according to the first embodiment. 

[0023] As shown in Fig. 1 A, the optical fiber 100 according to the first embodiment composes a core region 110 
having a diameter a1 and extending along a predetermined axis, and a cladding region 120 provided on the periphery 
of the core region 1 1 0. The core region 1 1 0 is doped with a predetermined amount of chlorine to have a refractive index 
higher than that of pure silica. The cladding region 120 is doped with' a predetermined amount of fluorine to have a 
refractive index lower than that of pure silica. In the optical fiber 1 00 according to the first embodiment, in particular, 
the concentration of chlorine added in the core region 110 is set such that the peak value of a relative refractive index 
difference An + of the core region 110 with respective to the refractive index of pure silica becomes 0.05% or more. 
Note that the cladding region 120 has a relative refractive index difference An- with respect to pure silica. 
[0024] In the optical fiber 100 according to the first embodiment, the concentration of chlorine added in the core 
region 1 1 0 increases from a peripheral portion of the core region 110 toward the center of the core region 110. 
[0025] The abscissa of a refractive index profile 150 in Fig. 1 B corresponds to the respective portions of a cross 
section (a surface perpendicular to the traveling direction of light signals propagating) of the optical fiber 1 00 according 
to the first embodiment (ditto for the second to fourth embodiments) in Fig. 1 A on a line L1 A region 1 51 of the refractive 
index profile 1 50 corresponds to the refractive indexes of the respective portions of the core region 1 1 0 on the line L1 , 
and a region 152 of the profile corresponds to the refractive indexes of the respective portions of the cladding region 

120 on the line L1 . .._,_«« a- ~r 

[0026] A relative refractive index difference A + of the core region 1 1 0 and a relative refractive index difference A of 

the cladding region 120 with reference to pure silica are defined as follows: 

A + = (^ - n 0 )/n 0 



A* = (n 2 - n 0 )/n 0 

where n, is the refractive index of the core region 11 0, n 2 is the refractive index of the cladding region 120, and n 0 is 
the refractive index of pure silica. In this specification, a relative refractive index difference A is represented in percent- 
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age, and the refractive indexes of the respective regions in the respective definition expressions are arranged in the 
fixed order. When the value of A js negative, therefore, the refractive index of the corresponding region is lower than 
that of pure silica. 1 ! \\ ' \ 

[0027] In optical fibers according to the present invention, including the optical fibej- 100 of the first embodiment, 
chlorine is contained in at least part of the cladding region. An increase in transmission loss due to anjOH-radica! at 
a wavelength of 1 .3B \irr\ is 0.5 dB/km or less. A zero dispersion wavelength is set at 1 \im or longer. Setting a zero 
dispersion wavelength at;1 .34 jim or longer reduces chromatic dispersion at a wavelength of 1 .55 |im, and eliminates 
the necessity of dispersion compensation or allows optical transmission at a wavelength of 1 .55 ^im with a small dis- 
persion compensation amount. In addition, a 1 .3B-|im band can be used as a signal wavelength band by setting a zero 
dispersion wavelength in this manner and suppressing transmission loss at a wavelength of 1.38 m due to an OH- 
radical to 0.5 dB/km or less. Furthermore, the optical fiber according to the present invention has an effective area A^ 
of 1 00 \um 2 or more with respect to a wavelength band in use. If the effective area A eff is 1 00 \m\ 2 or more, non-linearity 
of the optical fiber is reduced. This makes it possible to effectively use this optical fiber in a case wherein a high-power 
optical input can be obtained as in WDM transmission using an optical fiber amplifier. \ \ 

[0028] As disclosed in Japanese Patent Laid-Open No. 8-248251 (EP 0 724 1 71 A2), the effective area A^ is given by 
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where E is the electric field accompanying propagating light, and r is the distance frorn the center of the core in the 
radial direction. 

[0029] Fig. 2 shows the refractive index profile of a pure silica core optical fiber as a comparative example. The pure 
silica core optical fiber as the comparative example has the same cross-sectional structure as that in the first embod- 
j iment shown in Fig. 1 A, but differs from the first embodiment in that the core region comprised of pure silica. This 
; comparative example comprises a core region having a diameter a2 and comprised of pure silica, and a cladding region 
. provided on the periphery of the core region. Note that the cladding region is doped with a predetermined amount of 
fluorine to have a relative refractive index difference A* (= (n 2 - n 0 )/n 0 ) with respect to the core region (pure silica). 
[0030] The abscissa of a refractive index profile 250 correspbnds to the respective portions on the line L1 in Fig. 1 A 
like the refractive index profile in Fig. 1 B. A region 251 corresponds to the refractive indexes of the respective portions 
i on the line L1 in the core region, and a region 252 corresponds to the refractive indexes of the respective portions oh 
; a line L2 in the cladding region. ' i i \ 

. [0031] Fig. 3 is a graph showing the result obtained by performing a simulation concerning the relationship between 
the mode field diameter and bending loss of each of the optical fiber 1 00 according to the first embodiment, which has 
the above structure, and the pure silica core optical fiber as a comparative example. White circles A plotted on Fig. 3 
represent a simulation result on the optical fiber 1 00 according to the first embodiment, and black circles B represent 
a simulation result on the pure silica core optical fiber i j . | 

[0032] The following are simulation conditions. In each of the optical fibers according to the first embodiment and 
the pure silica core optical fiber as a comparative example, the relative refractive index difference An - of the cladding 
region with respect to the refractive index of pure silica is -0.3%, and each measurement value of bending loss (dB/ 
m) is obtained at a wavelength of 1 .55 |im when the fiber is bent with a diameter of 20 mm. Note that in the optical 
fiber according to the first embodiment, the peak value of the relative refractive index difference An + of the core region 
with respect to the refractive index of pure silica is 0.05%. 

[0033] As is obvious from this graph, the bending loss of the optical fiber 100 according to the first embodiment 
decreases by one or more orders of magnitudes as compared with the pure silica core optical fiber. When, for example, 
the mode field diameter is 1 1 .2 Jim, the bending loss of the pure silica core optical fiber is about 20 dB/m, whereas the 
bending loss of the optical fiber 1 00 is about 0.6 dB/m. 

[0034] The results obtained by actually manufacturing two types of samples and comparing/evaluating the samples 
will be described next. Note that the first sample manufactured is the optical fiber 1 00 according to the first embodiment, 
and the second sample manufactured is the pure silica core optical fiber as a comparative example. 
[0035] In the.first sample manufactured (the optical fiber 1 00 according to the first embodiment), the diameter a1 of 
the core region 1 1 0 was 1 1 .0 [im\ the peak value of the relative refractive index difference An 4 of the core region 1 1 0 
with respect to the refractive index of pure silica, 0.05%; the relative refractive index difference An- of the cladding 
region 1 20 with respect to the refractive index of pure silica, - 0.3%; and the transmission loss at a waveiength of 1 .55 
|im, 0.175 dB/km. In addition, the cutoff wavelength at a length of 2 m was 1 .53 \im; the mode field diameter at a 
wavelength of 1 .55 \im, 11 .2 pm; and the bending loss at a wavelength of 1 .55 \im upon bending with a diameter of 
20 mm, 0.5 dB/m. In the case of the first sample, an increase in transmission loss due to an OH-radical at a wavelength 
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of 1 .38 [im was 0.3 dB/km. 

[0036] In the second sample manufactured (the pure silica core optical fiber), the diameter a2 of the core region was 
9.2 |im; the relative refractive index difference An* of the cladding region with respect to the refractive index of the core 
region (pure silica), -0.3%; the transmission loss at a wavelength of 1 .55 um, 0.176 dB/km; the cutoff wavelength at a 
length of 2m 5 1 .25 um; the mode field diameter at a wavelength of 1 .55 urn, 11 .2 urn; and the bending loss at a wave- 
length of 1 .55 um upon bending with a diameter of 20 mm, 20.3 dB/m. These evaluation results agree with the above 
simulation results. 
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Second Embodiment 

[0037] The second embodiment of the optica! fiber according to the present invention will be described next. An 
optical fiber 100 according to the second embodiment comprises a chlorine-doped core region 110 and a fluorine- 
doped cladding region 1 20 as in the first embodiment shown in Fig. 1 A. The optical fiber 1 00 of the second embodiment 
therefore has a refractive index profile similar to that shown In Fig. 1B. 

[0038] In a sample manufactured as the second embodiment, the core region 11 0 is doped with chlorine such that 
the peak value of a relative refractive index difference A n+ (= n 1 - n 0 )/n 0 ) of the core region 110 with respect to the 
refractive index of pure silica becomes 0.10%, and the cladding region 120 is doped with fluorine such that a relative 
refractive index difference An* (= (n 2 - n 0 )/n 0 ) of the cladding region with respect to the refractive index of pure silica 
becomes -0.25%. A diameter a1 of the core region 110 was 13.0 um; and the transmission loss al a wavelength of 
1 .55 um, 0.171 dB/km. In addition, the cutoff wavelength at a length of 2 m was 1 .60 um; the mode field diameter at 
a wavelength of 1 .55 urn, 12.1 urn; and the bending loss at a wavelength of 1 .55 um upon bending with a diameter 20 
mm, 0.2 dB/m. In the case of this sample as well, an increase in transmission loss due to an OH-radical at a wavelength 
of 1 .38 um was 0.3 dB/km. 

[0039] In a sample of the pure silica core optical fiber manufactured as a comparative example, a diameter a2 of the 
core region was 9.4 urn; the relative refractive index difference An' of the cladding region with respect to the refractive 
index of the core region (pure silica); -0.25%; and the transmission loss at a wavelength of 1 .55 um, 0.170 dB/km. In 
addition, the cutoff wavelength at a length of 2 m was 1 .16 um; the mode field diameter at a wavelength of 1.55 um, 
12.1 um; and the bending loss at a wavelength of 1 .55 urn upon bending with a diameter of 20 mm, 77.5 dB/m. : 

. i 

30 Thir d Embodiment 

— — j 

[0040] The third embodiment of the optical fiber according to the present invention will be described next. An optica! 
fiber 1 00 according to the third embodiment comprises a chlorine-doped core region 1 1 0 and a fluorine-doped cladding 
region 120 as in the first embodiment shown in Fig. 1 A. The optical fiber 100 of the third embodiment therefore has a 
refractive index profile similar to that shown in Fig. 1 B. 

[0041] In a sample manufactured as the third embodiment, the core region 11 0 is doped with chlorine such that the 
peak value of a relative refractive index difference An + (= r\, -n 0 )/n 0 ) of the core region 1 1 0 with respect to the refractive 
index of pure silica becomes 0.10%, and the cladding region 120 is doped with fluorine such that a relative refractive 
index difference An* (= (n 2 - n 0 )/n 0 ) of the cladding region with respect to the refractive index of pure silica becomes - 
0.35%. In addition, a diameter a1 of the core region is set to 6.8 u, m to set a zero dispersion wavelength to 1 .35 um 
[0042] In the sample of the third embodiment manufactured in the above manner, the characteristics at a wavelength 
of 1 .55 urn were: 
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transmission loss (dB/km): 

chromatic dispersion (ps/nm/km) 

dispersion slope (ps/nm 2 /km) 

mode field diameter (urn) 

bending loss at diameter of 20 mm (dB/m) 



0.173 

11.7 

0.052 

9.29 

13.3 



[0043] The cutoff wavelength at a length of 2 m was 1 .10 um; and an increase in transmission loss due to an OH- 
radical at a wavelength of 1.38 um, 0.3 dB/km. In this specification, a dispersion slope is given as the slope of a plot 
representing the wavelength dependence of dispersion. 

[0044] in the pure silica core optical fiber sample manufactured as a comparative example, the cladding region is 
doped with fluorine such that the relative refractive index difference An- of the cladding region with respect to the 
refractive index of the core region (pure silica) becomes -0.35%, and a diameter a2 of the core region is set to 7.0 um 
so as to set the zero dispersion wavelength to 1.35 um. 

[0045] In the sample manufactured as a comparative example, the characteristics at a wavelength of 1 .55 um were: 
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transmission loss (dB/km): 


:0.1 72 


chromatic dispersion (ps/nm/km) 


:12.5 


dispersion slope (ps/nm 2 /km) 


:0.054 


mode field diameter (jim) 


:10.3 


bending loss at diameter of 20 mm (dB/m) 


:73.5 



The cutoff wavelength at a length of 2 m was 1 .00 jtm 
Fourth Embodiment 
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transmission loss (dB/km) ; 


:0.172 


chromatic dispersion (ps/nm/km) 


:20.5 


dispersion slope (ps/nm 2 /km) : 


:0.059 


mode field diameter (|xm) 


: 11.4 


bending loss at diameter of 20 mm (dB/m) 


:0.4 



[0051] , n the sample manufactured as the comparative example, the characteristics at a wavelength of 1 .55 u.m were: 



45 


transmission loss (dB/km): 


:0.172 




chromatic dispersion (ps/nm/km) 


:19.1 




dispersion slope (ps/nm 2 /km) 


:0.057 




mode field diameter (urn) 


:11.5 


50 


bending loss at diameter of 20 mm (dB/m) 


:6.7 



55 



The cutoff wavelength at a length of 2 m was 1 .38 |im 
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Fifth Embodiment 



[0053] Each of the first to fourth embodiments described above has a matched type refractive index profile with a 
single cladding region. A depressed cladding type refractive index profile is effective in effectively suppressing an 

s increase in bending loss and obtaining a large effective area A*,. An optical fiber according to the fifth embodiment 
therefore has a depressed cladding structure in which the above cladding is made up of an inner cladding provided on 
the periphery of the core region and having an average refractive index lower than that of the core region, and an outer 
cladding provided on the periphery of the inner cladding and having an average refractive index lower than that of the 
core region but higher than that of the inner cladding. 

10 [0054] Fig 4A shows the cross-sectional structure of the fifth embodiment of the optical fiber according to the present 
invention Fig. 4B shows the refractive index profile of an optical fiber 300 according to the fifth embodiment. 
[0055] As shown in Fig. 4A. the optical fiber 300 according to the fifth embodiment has a core region 31 0 having a 
diameter a3 and extending along a predetermined axis and a cladding region 320 provided on the periphery of the 
core region 310. Note that the cladding region 320 comprises an inner cladding 321 provided on the periphery of the 

is core region 31 0 and having an average refractive index lower than that of the core region, and an outer cladding 322 
provided on the periphery of the inner cladding 321 and having an average refractive index higher than that of the inner 
cladding but lower than that of the core region. The core region 31 0 is doped with a predetermined amount of chlorine 
to have a refractive index higher than that of pure silica. In the cladding region 320, each of the inner and outer claddings 
321 and 322 is doped with a predetermined amount of fluorine to have a refraclive index lower than that of pure silica. 

20 In the optical fiber 300 according to the fifth embodiment, in particular, the concentration of chlorine added in the core 
region 31 0 is set such that the peak value of a relative refractive index difference An* of the core region 310 with respect 
to the refractive index of pure silica becomes 0.05% or more. The inner and outer claddings respectively have a relative 
refractive index difference An 2 " and a relative refractive index difference An,- with respect to pure silica. In the optical 
fiber 300 according to the fifth embodiment as well, the concentration of chlorine added in the core reg.on 31 0 increases 

25 from a peripheral portion of the 31 0 toward the center of the core region 31 0. 

[0056] The abscissa of a refractive index profile 350 in Fig. 4B corresponds to the respective portions of a cross 
section (a surface perpendicular to the traveling direction of light signals propagating) of the optical fiber 300 according 
to the fifth embodiment in Fig. 4A on a line L2. On the refractive index profile 350, a region 351 corresponds to the 
refractive indexes of the respective portions of the core region 310 on the line L2; a region 352, the refracttve indexes 

30 of the respective portions of the inner cladding 321 on the line 12; and a region 353, the refractive indexes of the 
respective portions of the outer cladding 322 on the line L2. ; 
[0057] Relative refractive index differences A + , A 2 ", and A," of the core regions 310, inner cladding 321 , and outer 
cladding 322 with reference to pure silica are defined as follows: 



A + = (n, - n 0 )/n 0 
A/ = (n 2 - n 0 )/n 0 
A2' = (n 3 - n 0 )/n 0 



where n< is the refractive index of the core region 110, n 2 is the refractive index of the outer cladding 322, n 3 is the 
45 refractive index of the innercladding 321 . and n 0 is the refractive index of pure silica. A relative refractive index difference 
A is represented in percentage, and the refractive indexes of the respective regions in the respective definition expres- 
sions are arranged in the fixed order. If the value of A is negative, therefore, the refractive index of the corresponding 
region is lower than that of pure silica. 

[0058] In a sample manufactured as the fifth embodiment, a diameter a3 of the core region 310 is 14.8 u.m, ana a 
so diameter b of the inner cladding 321 is 59.0 »im. The core region 31 0 is doped with chlorine such that the peak value 
of the relative refractive index difference An+ (= (n, - n„)/n 0 ) of the core region 31 0 with respect to the refractive index 
of pure silica becomes 0.07%. The inner cladding 321 and outer cladding 322 are doped with fluorine such that the 
relative refractive index differences An,- (= (n 2 - n 0 )/n 0 ) and Arv (= (n 3 - n 0 )/n 0 ) respectively become -0.23% and -0.1 6%. 
[0059] The sample of the fifth embodiment manufactured in this manner has the following characteristics at a wave- 
55 length of 1 .55 |im: 



effective area Agj (uxn 2 ) 
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(continued) 



Best Available Copy 



transmission loss (dB/krn) i 
chromatic dispersion (ps/nm/kmj ! 
ibending loss (dB/m) at diameter 20 mm 



:0.170 
:0.063 
:0.2 
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'The cutoff wavelength at a length of 2 m was 1 .45 u.m, arid an; increase in transmission loss due to an Oh-radical at 
a wavelength of ;1 .38 ujn was 0.3 dB/km. 

[0060] As is obvious from the measurement results on the jfifth embodiment, the use of the depressed cladding 
[structure can greatly increase the effective area while, suppressing an increase in bending loss. 
i[0061] As|despribed above, the optical fiber according to the present invention can greatly reduce bending loss as 
jcompared with the pure silica core optical fiber while maintaining the same transmission loss and mode field diameter 
jas those of the pure silica core optical fiber. j ■ 

[0062] A method of manufacturing an optical fiber according to the present invention will be described next with 
Ireference to Figs. 5A to 73. Note that the detailed manufacturing steps are disclosed in Japanese Patent Laid-Open 
|Nos. 5-24873^ 10-53423, and 10-206669. 

j[Q063] According to the method of manufacturing an optical fiber according to the present invention, a porous glass 
■body 50 serving as the core region 11 0 is formed first by a vapor phase deposition method such as VAD (Vaporphase 
lAxial Deposition) method or OVD (Outside Vapor phase Deposition) (the first deposition step). 
![0064] Figs; 5A to 5C are views showing the steps to be executed until a glass preform serving as the core region 
|110 (310) isiobtained by the above VAD method. Fig. 5A shows the first deposition step; Fig. 5B, the dehydration step; 
land Fig. 5C; the first sintering step. 

[0065] In the first deposition step, the porous glass body 50 is manufactured by a soot forming device In Fig. 5A. 
This soot forming device includes a vessel 500 having at least an exhaust port 504, and a support mechanism 503 for 
jsupporting the growing porous glass body 50 (soot body). The support mechanism 503 has a rotatable rod 502. A 
[starting rod 5bl for growing the porous glass body 50 is attached to the distal end of the support rod 502.' 
|[0066] The soot forming device in Fig. 5A includes a burner 551 for depositing the porous glass body 50 serving as 
jthe core region i!10-(310). A gas supply system 600 supplies ia desired material gas (e.g., GeCI 4 , SiCI 4 , or the like) 
jand fuel gases (H 2 and 0 2 ), and a carrier gas such as Ar or He to the burner 551 . 

|[0067] During the ; manufacture of the porous glass body 50, while the burner 551 is producing a flame, glass partic- 
ulates are generated by a hydrolytic reaction of the material gas supplied from the gas supply system 600. These glass 
jparticulates are deposited on the distal end portion of the starting rod 501 . During this period, the support mechanism 
|503 raises th^ support rod 502 mounted on the distal end along the direction indicated by an arrow S2 (the longitudinal 
direction of the porous glass body 50) while rotating the support rod in the direction indicated by an arrow S1 . With 
; this operation,; a porous glass body grows downward from the starting rod 501 , thus obtaining the porous glass body 50. 
[0068] The porous glass body 50 obtained in the first deposition step described above is placed in a heating vessel 
700 in Fig. 5B;to undergo dehydration in an atmosphere containing a predetermined amount of chlorine. Note that the 
Seating vessel 700 has an inlet port 702 for supplying a dehydration gas and an exhaust port 701. During this dehy- 
dration, the support mechanism 503 operates to move the porous glass body 50 along the direction indicated by an 
arrow S4 while rotating it in the direction indicated by an arrow S3 (with this operation, the entire porous glass body 
50 is heated).? Even if a halogen gas such as SiCI 4 , other than chlorine gas, is used as a dehydration gas, a similar 
effect can be bbtained, SiCI 4 , in particular, can be a means of Increasing the contents of chlorine and increasing the 
refractive index of the core region 110 (310). 

[0069] The porous glass body 50 obtained through the above process is sintered in the heating vessel 700. Fig. 5C 
shows only the main part of the heating vessel in Fig. 5B. As shown in Fig. 5C, the support mechanism 503 operates 
to move the porous glass body 50 along the direction indicated by an arrow S6 while rotating the porous glass body 
;50 in the direction indicated by an arrow S5. With this operation, the porous glass body 50 is transferred into a heater 
750 from its leading end, and a transparent core glass preform 51 is obtained. 

[0070] Note that the above manufacturing, dehydration, and sintering processes for the porous glass body 50 can 
be performed In the same vessel. Although the first deposition step is performed by the VAD method according to the 
above description, the first deposition step may be performed by another vapor phase deposition method such as the 
OVD method. 

[0071] A drawn core glass preform 52 can be obtained by drawing the core glass preform 51 obtained in the above 
manner to a desired diameter in a drawing step, tn the second deposition step, a porous glass layer serving as the 
cladding region 120 (320) is deposited on the outer surface of this drawn core glass preform 52. 
[0072] As shown in Fig. 6A, while a burner 900 is producing a flame, glass particulates are generated by a hydrolytic 
reaction of a material gas supplied from the gas supply system 600 and deposited on the periphery of the outer surface 
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of the drawn core glass preform 52. Meanwhile, the drawn core glass preform 52 moves along the direction indicated 
by an arrow S1 7 while rotating in the direction indicated by an arrow S16. With this operation, a porous glass layer 
(soot body) is deposited on the periphery of the outer surface of the drawn core glass preform 52 to obtain a porous 
intermediate product 53 (soot preform). If the cladding region 320 is made up of a plurality of regions 321 and 322 like 
5 the optical fiber 300 according to the fifth embodiment, the second deposition step (Fig. 6A) is performed by a required 
number of times while the concentration of a supplied gas is changed. 

[0073] The porous intermediate product 53 obtained through the above second deposition step is heated temporanly 
in an atmosphere containing a halogen gas for the purpose of dehydration to be performed before the second sintering 
step (see Fig. 6B). Meanwhile, the support mechanism 503 operates to move the porous intermediate product 53 along 

w the direction indicated by an arrow S20 while rotating It in the direction indicated by an arrow S19. With this operation, 
the entire porous intermediate product 53 is heated. Note that Cl 2 or SiCI 4 may be used as this dehydration gas. 
[0074] In the second sintering step, in order to obtain a transparent optical fiber preform 54, the dehydrated porous 
intermediate product 53 is sintered, as shown in Fig. 7A. In this sintering step, chlorine in the drawn core glass preform 
52 diffuses into a peripheral glass body. As a consequence, chlorine is contained in part of the cladding region of the 

is obtained optical fiber, and the concentration of chlorine of the core region increases from a peripheral portion of the 
core region to its center. 

[0075] This sintering process is continuously performed in the heating vessel 700. The support mechanism 503 
operates to move the porous intermediate product 53 along the direction Indicated by an arrow S22 while rotating it in 
the direction indicated by an arrow S21 . With this operation, the porous intermediate product 53 is transferred into the 

20 heater 750. As a fluorine-based gas to be supplied into the heating vessel 700, SF 5 , SiF 4 , or the like can be used. 
When the porous intermediate product 53 is heated in a fluorine-based gas atmosphere in this manner, a porous glass 
layer serving as the cladding region 1 20 (320) is impregnated with fluorine. The optical fiber preform 54 can be obtained 
by sintering the porous intermediate product 53 upon raising the temperature in the vessel. Note that the contents of 
fluorine is adjusted by adjusting the concentration of a fluorine-based gas supplied. In addition, the concentration of 

25 fluorine added can be adjusted to a desired concentration by properly adjusting the concentration of a fluorine-based 
gas in the process of impregnating the porous intermediate product 53 with fluorine and the sintering process. To set 
the diameter ratio between the core region and the cladding region to a desired value (to form a jacket layer that makes 
no contribution to the propagation of light), the deposition and sintering steps shown in Figs. 6A and 7A may be further 
performed. In this case, dehydration may be omitted. 

30 [0076] The optical fiber preform 54 obtained through the plurality of steps described above comprises a region 540 
serving as a core and a region 541 serving as a cladding region after drawing. An end of the optical fiber preform 54 
is introduced into a heater 350 and taken up while being stretched in the direction indicated by an arrow S23 in Fig. 
7B, thus obtaining the optical fiber 10 (300) according to the present invention. 

35 Industrial Applicability 

[0077] As has been described above, according to the present invention, since the Rayleigh scattering coefficient 
caused by chlorine added in the core region is small, the transmission loss due to Rayleigh scattering is small. In 
addition, the differences in physical property value between the core region and the cladding region decrease as the 

40 core region is doped with chlorine, and hence the transmission loss due to structural mismatching or the like at the 
interface between the core region and the cladding region is small. Furthermore, since the peak value of the relative 
refractive index difference of the core region with respect to the refractive index of pure silica is 0.05% or more, the 
bending loss is greatly reduced. When the concentration of chlorine added in the core region increasesf rom a penpheral 
portion of the core region to its center, the differences in physical property value between the core region and the 

45 cladding region can be further reduced. This further reduce the transmission loss due to structure mismatching or the 
like at the interface between the core region and the cladding region. 

[0078] As described above, the above optical fiber is suited for a cable and can be suitably used as an optical trans- 
mission line in a long-haul optical communication system. 

so 

Claims 

1 . An optical fiber mainly composed of silica and comprising: 

55 a core region extending along a predetermined axis and containing a predetermined amount of chlorine; and 

a cladding region provided on the outer periphery of said core region and containing a predetermined amount 
of fluorine, 

wherein a peak value of a relative refractive index difference of said core region with respect to pure silica is 
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0.05% or more. 

2. An optical fiber according to claim ;1 , wherein a concentration of chlorine contained in said core region increases 
from a peripheral portion of said core region to a center thereof. 

5 

3. An optical fiber according to claim 1 , wherein chlorine is contained in at least part of said cladding region. 

4. An optical fiber according to claim 1 , wherein an increase in transmission loss due to an OH-radical at a wavelength 
of 1 .38 ujti is 0.5 dB/km or less. 

10 

5. An optical fiber according to claim 1 , wherein said optical fiber has a zero dispersion wavelength of 1 .34 jam or 
longer. 

6. An optical fiber according to claim 1 , wherein said optical fiber has an effective area of 100 urn 2 or more with 
*5 respect to light in a wavelength band in use. 

7. An optical fiber according to claim 1 , wherein said cladding region comprises an inner cladding provided on the 
outer periphery of said core region and having an average refractive Index lower than that of said core region, and 
an outer cladding provided on the periphery of said inner cladding and having an average refractive index lower 

20 than that of said core region but higher than that of said inner cladding. 

8. A method of manufacturing said optical fiber as claimed in claim 1 . comprising: 

a first deposition step of forming a porous glass body to be served as said core region; 
25 a dehydration step of heating said porous glass body in an atmosphere containing a chlorine element to such 

a degree that a peak value of a relative refractive index difference of said core region with respect to pure 
silica becomes 0.05% or more; and 

a first sintering step of making said porous glass body doped with the chlorine element into a transparent glass 
body. 

30 

9. Amethod according to claim 8, further comprising: 

a second deposition step of sequentially deposing one or more porous glass layers to be served as a cladding 
region on the outer periphery of said transparent glass body obtained in said first sintering step; and 
35 a second sintering step of making said one or more porous glass layers obtained in said second deposition 

step into one or more transparent glass layers. 
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Fig. 2 
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Fig.3 
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